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Hexameric Ring Structure of the ATPase Domain
of the Membrane-Integrated Metalloprotease FtsH
from Thermus thermophilus HB8
proteolysis depends upon the DnaK chaperone system
[6]. Furthermore, FtsH also degrades subunits of mem-
brane protein complexes that fail to associate with their
partner proteins, such as SecY [7, 8] and the F0a subunit
of ATP synthase [9], in addition to a membrane protein,
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6-2-3 Furuedai YccA, with an unknown function [10]. The unique prop-
erty of this enzyme is the ability to digest both trans-Suita, Osaka 565-0874
Japan membrane and periplasmic regions by a processive
mechanism: FtsH extracts the membrane-embedded2 Research Laboratory of Resources Utilization
Tokyo Institute of Technology parts of a substrate from the lipid bilayer, while it unfolds
polypeptides in an ATP-dependent manner [11, 12].Nagatsuta 4259
Yokohama 226-8503 Overall, the FtsH protein is divided into the N-terminal
transmembrane region and the larger C-terminal cyto-Japan
plasmic region, which consists of an ATPase domain
and a protease domain [13]. The ATPase domain con-
tains the Walker A and Walker B motifs and the secondSummary
region of homology (SRH) motif, which is a highly con-
served segment specific to the AAA (ATPases associ-FtsH is a cytoplasmic membrane-integrated, ATP-
ated with various cellular activities) ATPases [14–17]. Itdependent metalloprotease, which processively de-
also includes the protease domain with a zinc bindinggrades both cytoplasmic and membrane proteins in
sequence (HExxH, where x is any residue), whoseconcert with unfolding. The FtsH protein is divided into
involvement in proteolysis is supported by the zinc ionthe N-terminal transmembrane region and the larger
stimulation of its activity [18].C-terminal cytoplasmic region, which consists of an
Proteins from extreme thermophiles are generallyATPase domain and a protease domain. We have de-
useful for crystallographic studies, due to their en-termined the crystal structures of the Thermus ther-
hanced thermal stability. Thus, the gene of an FtsH ho-mophilus FtsH ATPase domain in the nucleotide-free
molog (Tth. ftsH) from Thermus thermophilus HB8 wasand AMP-PNP- and ADP-bound states, in addition to
cloned, and its purified protein was characterized [19].the domain with the extra preceding segment. Com-
Its sequence similarity with E. coli FtsH [2], combinedbined with the mapping of the putative substrate bind-
with the hydropathy profile, allows us to predict thating region, these structures suggest that FtsH inter-
Tth. FtsH has a transmembrane region within residuesnally forms a hexameric ring structure, in which ATP
1–125, consistent with the finding that the subsequentbinding could cause a conformational change to facili-
segment is soluble. In this paper, we describe the divi-tate transport of substrates into the protease domain
sion of the soluble Tth. FtsH protein into an ATPasethrough the central pore.
domain and a protease domain, and also report the
crystal structures of the ATPase domain, determined in
Introduction various states at atomic resolution. These structures
suggest that FtsH forms a hexameric ring structure,
In all living cells from prokaryotes to eukaryotes, proteo- which is similar to those of the NSF and p97 proteins,
lytic processes are involved in various important cellular belonging to the AAA ATPase family. Together with vari-
functions, especially in an ATP-dependent manner. Sev- ous biochemical data, the structural features of this ring
eral different ATP-dependent proteases exist in these suggest a putative mechanism for substrate transloca-
cells: E. coli has at least five kinds of ATP-dependent tion into the protease domain through the central pore
proteases, such as Lon, ClpAP, ClpXP, HslUV, and FtsH from the membrane side of the ATPase domain.
[1]. FtsH is unique among these proteases, because it
is anchored to the cytoplasmic membrane through two Results and Discussion
transmembrane helices [2], and is essential for cell
growth [3]. This protease is present in a large variety of Thermus thermophilus FtsH ATPase Domain
eubacteria but not in archaea, while eukaryotic organ- In order to dissect the domain organization of FtsH, we
elles, such as mitochondria and chloroplasts, contain treated the soluble Tth. FtsH (56 kDa) [19] with trypsin
homologous proteins. and isolated a stable 27 kDa core fragment (data not
FtsH is required for the degradation of several cyto- shown). The combined use of N-terminal sequence and
plasmic proteins with various cellular functions. The  mass spectrometry analyses (PerSeptive Biosystems)
phage cII protein, a key regulator of lysogenization, is indicated that this core fragment extends from Val146
a proteolytic target of FtsH [4]. Similarly, it is responsible to Lys403, and fully covers the ATPase domain pre-
for the degradation of the heat shock protein transcrip- dicted from the sequence alignment with other AAA
tional regulator 32 [5], for which the susceptibility to
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Figure 1. Structure of the FtsH ATPase
Domain
(A) Multiple sequence alignment of the
ATPase domains. Thermus thermophilus
FtsH (EMBL accession code AB032368)
aligned with E. coli FtsH (U01376), Saccharo-
myces cerevisiae YmeI (L14616), and mouse
p97 (Z14044). Cylinders and arrows indicate
secondary structure elements of Tth. FtsH.
The Walker A, Walker B, and SRH motifs are
enclosed by red boxes. The Asn302 residue in
the SRH motif and the arginine finger residues
are indicated by arrowheads. The sequence
of the preceding linker of the ATPase domain
in Tth. FtsH and that corresponding to the
GYVG motif are highlighted in red and ma-
genta, respectively.
(B) Ribbon representation of the stereo pair
of the FtsH-F1 monomer structure. The small
and large subdomains are colored cyan and
green, respectively. The Walker A, Walker B,
and SRH motifs are highlighted in pink.
(C) Superposition of the small and large sub-
domains of FtsH-F1 independently with their
counterparts within p97-D1. The asterisk indi-
cates the insertion of p97-D1, as shown in (A).
(D) Top view of helical packing arrangements
of FtsH-F1 with the crystal. Note the ring-like
appearance, where six subunits are arranged
about the crystallographic P65 axis at the cen-
ter. One subunit is highlighted in color as in (B).
All figures were created with the programs
MOLSCRIPT [49] and Raster3D [50].
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Table 1. Statistics from Crystallographic Analysis
FtsH-F1 FtsH-F2
Free AMP-PNP ADP Free
Peak Edge Remote
Data collection statistics
Space group P65 P65 P65 C2221
Unit cell dimensions (A˚) a  b  73.5 a  b  73.9 a  b  73.9 a  86.6, b  101.1
c  88.5 c  89.3 c  84.6 c  67.0
Wavelength (A˚) 1.0059 1.0090 1.0139 1.5418 1.5418 1.5418
Resolution (A˚) 2.1 (2.2–2.1) 2.2 (2.3–2.2) 2.2 (2.3–2.2) 2.95 (3.1–2.95) 2.8 (3.0–2.8) 3.2 (3.4–3.2)
Completeness (%) 100 (100) 100 (100) 100 (100) 98.8 (99.5) 98.8 (99.1) 97.1 (92.6)
Rmerge (%)a 6.4 (29.9) 6.4 (28.5) 6.0 (28.8) 8.1 (27.6) 5.1 (15.7) 12.5 (25.9)
I/ 4.9 (0.9) 4.1 (1.0) 6.4 (1.2) 11.2 (3.5) 13.4 (5.9) 12.6 (5.5)
Refinement statistics
Resolution range (A˚) 12–2.2 (2.3–2.2) 12–2.95 (3.1–2.95) 12–2.8 (2.9–2.8) 20–3.2 (3.3–3.2)
Rcryst (%)b 19.6 (21.3) 22.5 (31.7) 20.7 (25.9) 25.3 (33.5)
Rfree (%)b 23.8 (25.3) 28.9 (37.6) 27.8 (33.8) 29.4 (41.9)
Number of reflections (work/free) 12,727/972 5,311/425 5,835/465 4,562/370
Ramachandran (%)
Favored 93.2 86.3 88.5 84.8
Generous 0.5 1.0 0.0 1.9
Disallowed 0.0 0.0 0.0 0.0
Rms deviations from ideality
Bond lengths (A˚) 0.0052 0.0088 0.0071 0.0038
Bond angles () 1.1 1.3 1.2 0.90
Values in parentheses indicate statistics for the last shell.
a Rmerge  hi|Ii(h)  I(h)|/hiIi(h), where Ii(h) is the ith measurement and I(h) is the weighted mean of all measurements of I(h).
b Rcryst and Rfree  h||F(h)obs|  |F(h)calc||/h|F(h)obs| for reflections in the working and test sets, respectively.
ATPase members (Figure 1A). Thus, the ATPase and main structure of FtsH-F1 superimposes onto that of
p97-D1 with a root-mean-square deviation (rmsd) ofprotease domains are well separated from each other,
although the ATPase and protease domains coopera- 1.21 A˚ (144 C	 positions). The four helices of the small
subdomain of FtsH-F1 are superimposed onto thetively act on substrates during proteolysis. Subsequently,
two fragments of Tth. FtsH, ranging from residues 146 equivalent residues of p97-D1 with an rmsd of 0.83 A˚
(67 C	 positions). According to a DALI server searchto 393 (FtsH-F1) and from 126 to 393 (FtsH-F2), were
expressed in E. coli cells for the structural study (see [21], the architecture of FtsH-F1 significantly resembles
those of the proteins classified within the AAA ATPaseExperimental Procedures). The longer fragment, FtsH-
F2, includes an extra segment, which corresponds to family, such as RuvB, NSF-D2, and HslU [22–25].
the linker between the transmembrane region and the
ATPase domain. The Nucleotide Binding Sites
The crystal structures of FtsH-F1 complexed with AMP-
PNP and ADP, revealed that AMP-PNP and ADP areOverall Structure of the FtsH ATPase Domain
The crystal structure of the Tth. FtsH ATPase domain similarly bound to the Walker A motif with anti conforma-
tions (Figures 2A and 2B). Although neither the crystal(FtsH-F1) was determined at 2.2 A˚ resolution (Table 1).
The final model of FtsH-F1 consists of residues 148–393, structure of the AMP-PNP nor ADP form showed a cata-
lytically important magnesium ion, it is likely that Thr203except for a disordered gap between residues Lys263
and Gly271 (the loop between 	6 and 	7), and solvent directly coordinates with the ion, while Asp255 interacts
with it through a water molecule, by analogy to othermolecules. The refined structure contained neither mag-
nesium nor nucleotides, in spite of the crystal growth NTPases with the Walker A motif. Besides, Glu256 is
located at a position capable of indirectly interactingin the presence of these molecules. The ATPase domain
is divided into a large N-terminal subdomain and a small with the 
-phosphate via a water molecule. Although
water molecules are not observed in the AMP-PNP formC-terminal subdomain (Figure 1B). The large subdomain
consists of a central five-stranded, all parallel  sheet because of the limited resolution, a water molecule is
likely to form hydrogen bonds with both Glu256 and thewith a topology of 2-3-4-1-5, and the surrounding
eight 	 helices. This subdomain contains the Walker A 
-phosphate of AMP-PNP in comparison with the ADP
form. Actually, the replacement of Glu256 with glutaminemotif between 1 and 	3, and the Walker B motif be-
tween 3 and 	6, while the SRH motif, which partly abolished the ATPase hydrolysis, but not ATP binding
(our unpublished data). These facts suggest that Glu256forms a short helix, lies between 4 and 5. The small
subdomain is composed of four 	 helices and a short, is the catalytic base for ATP hydrolysis.
parallel  sheet-like structure. The ATPase domain,
sharing a common fold with the AAA ATPases, exhibits Hexameric Ring-like Structure of the FtsH
ATPase Domainstrong similarity in its folding topology to that of p97-
D1 (Figure 1C) [20], although its internal subdomain ori- Although several lines of evidence indicate that FtsH
internally forms a ring-shaped oligomer in the functionalentation is different from that of FtsH. The large subdo-
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Figure 2. Nucleotide Binding Pockets of
FtsH and the Structure of FtsH-F2
(A) Stereo close-up views of the nucleotide
binding pocket of the AMP-PNP form. Some
residues in the foreground of the Walker B
motif are eliminated from this figure. Electron
density is calculated from the omit map (Fo 
Fc), shown at the 2.5  contour level. Water
molecules are invisible because of its resolu-
tion limit.
(B) Stereo views of the nucleotide binding
pocket of the ADP form, prepared as de-
scribed in (A). The 4-	6 loop in the SRH motif
of the AMP-PNP form is superimposed onto
that of the ADP form. White spheres indicate
the bound water molecule (see text). Note
the difference in the conformation of the SRH
motif, whose position is indicated.
(C) Stereo pair showing the superposition of
the small subdomain of FtsH-F2 with that of
FtsH-F1. The extra segment in FtsH-F2 is col-
ored red.
(A) and (B) were created with the program
BOBSCRIPT [51].
state [4, 26], its details, such as the stoichiometry of the nucleotide binding sites are both located close to the
contact surfaces between the subunits. Therefore, thesubunit organization, the dimensions of the entire ring,
and the central pore size, remain elusive. In the FtsH- crystal structure of FtsH-F1 strongly reflects an intact
oligomeric state, and in fact, this is the first obviousF1 crystal, the molecules are arranged along a 65-screw
axis, with one subunit in the asymmetric unit (Figure evidence showing that FtsH internally contains a hexa-
meric ring structure with a head-to-tail arrangement.1D). Notably, the projection of the structure parallel to
the crystallographic 65 axis reveals a hexameric ring
shape, although a 15 A˚ translation along the screw axis Crystal Structure of FtsH-F2
In the gene 4 helicase from bacteriophage T7, whosebetween two adjacent subunits must be considered.
Moreover, various structural features of the interface, helicase domain exhibits the spiral arrangements similar
to our crystal structure [27], the extension of 31 residueswith a 978 A˚2 buried surface per monomer, are consis-
tent with the interpretation that the interface substan- on its N-terminal side modulated intersubunit contacts
so that the hexameric ring structure was formed [28].tially reflects the functional contact in vivo, although
minor modifications are required to account for the dif- Therefore, we crystallized the longer fragment of FtsH-
F2 with the extra segment at the N terminus of FtsH-ference in the interface between the P6 and P65 symmet-
ries. First, as compared with the crystal structure of p97- F1. Two crystal forms of FtsH-F2 were grown under
essentially the same conditions as those used for FtsH-D1 with an exact hexagonal ring [20], the loop between
	6 and 	7 in FtsH and the corresponding one in p97 F1. Although additional structural information was not
available from the P65 crystal (data not shown), in theboth face the central pore of the rings. Second, the
contact of the small subdomain with the large one of C2221 crystal, a part of the extra segment (residues
142–147) could be refined (Table 1). Although the overallthe adjacent subunit is conserved between the P65
structure of FtsH and the ring structure of p97, in terms structure of FtsH-F2 is quite similar to that of FtsH-F1,
its extra N-terminal segment partly forms an antiparallelof the participation of similar residues and identical sec-
ondary structures, except for an insertion in p97 (Figures  sheet with 2 of the central parallel  strand, and
surprisingly, the rotation angles of the small subdomain1A and 1C) in the intersubunit interactions. Third, the
Structure of the FtsH ATPase Domain
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Figure 3. Hexameric Ring Model of the FtsH
ATPase Domain
(A) The figures are viewed from the trans-
membrane side (left) and the protease do-
main side (right). From the extra segment po-
sition of the FtsH-F2 crystal structure, we
found that the transmembrane helices are lo-
cated on the N-terminal side of the hexagonal
plate. The model possesses an outer diame-
ter of approximately 120 A˚, with a central pore
of 13 A˚ in diameter. Note the gap between
subunits, which becomes narrow in compari-
son with that in the crystal packing arrange-
ment, as shown in Figure 1D. The rotation
angle between subdomains in the model dif-
fers by 34 from that in the crystal. Although
every subunit is represented with the same
conformation in this model, the mode of the
ATPase cycle, either sequential or synchro-
nized, cannot be clarified.
(B) Representation of the arginine finger in
the model viewed from the transmembrane
side. Arg313 is located at a position capable
of interacting with the 
-phosphate of AMP-
PNP bound to a neighboring subunit. The
SRH motif, highlighted in pink, is located on
the contact surface between subunits. The
	7 helix and the following loop in front of
Arg313 are eliminated.
(C) SRH motif in the model, viewed from the
protease domain side. The motif from the
AMP-PNP form is superimposed onto that
from the ADP form. The C	 atom of Asn302
is colored red.
(D) Mapping of the putative substrate binding
regions (brown). Note that the MFVG se-
quence (green) faces the central pore. A
closed line indicates a monomer structure,
corresponding to the highlighted one in (A).
(E) Electrostatic potential surfaces of the
model, calculated by the program GRASP
[52]. Red and blue represent regions of nega-
tive and positive potential, respectively.
relative to the large one differ by 29.9 between FtsH-F2 structure. It is possible that the asymmetric nucleotide
binding to six subunits stabilizes the hexameric ringand FtsH-F1 (Figure 2C). This remarkable conformational
difference indicates the variability within the ATPase do- structure in FtsH, as observed in T7 gene 4 helicase [28].
main architecture. The crystal structures of FtsH-F1 and
FtsH-F2 without nucleotides hardly show the contact Model of the FtsH ATPase Domain
The subdomain orientation of the ATPase domain couldbetween the subdomains. A proteolytic cleavage of the
segment between the two subdomains was found to be flexibly change, as observed between FtsH-F1 and FtsH-
F2. This conformational variability allows us to constructprotected in the presence of ATP (data not shown), and
hence their tight contact appears to be coupled with ATP a reasonable hexameric ring model of the ATPase domain
in the active state, by fitting each of the subdomainsbinding. The intersubdomain contacts within a subunit,
which are determined by the ATP binding-dependent to the equivalent ones of the subunits in the p97-D1
hexameric ring structure (Figure 3A). Arginine fingers,subdomain orientation, may account for the difference
between the spiral arrangement and the hexameric ring identified in various GTPase-activating proteins, are ar-
Structure
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Figure 4. Possible Conformational Change
of the ATPase Domain
Schematic drawing of the putative FtsH hex-
amer. The ATPase and protease domains are
depicted by ovals and cylinders, respectively.
One subunit is highlighted in color: the trans-
membrane region and the protease domain
are in orange, and the small and large subdo-
mains of the ATPase domain are in cyan and
green, respectively. The linker between the
transmembrane region and the ATPase do-
main is in red. The superimposed wire models
of the crystal structure and the P6 model
structure of FtsH-F1 represent a possible
conformational change. ATP binding induces
the shift of the large subdomain toward the
transmembrane region, and ADP release re-
turns it to the previous position. The repeat
of these movements allows the substrate to
be swallowed from the central pore into the
protease domain.
ginine residues, which interact with the 
-phosphate The proteolytic analysis of E. coli FtsH with trypsin sug-
groups of adjacent subunits and facilitate the NTPase gests that ATP binding induces a substantial conforma-
activities by stabilizing the transition state [29]. Recently, tional alteration [32, 34], and the soluble Tth. FtsH also
arginine fingers have been implicated in a number of exhibits this change (data not shown). The structural
other NTPases, including the hexameric AAA ATPases studies on HslU and p97 revealed changes of the subdo-
[30]. In the p97-D1 protein, Arg359 is devoted to an arginine main orientation coupled with nucleotide binding [23,
finger [20]. According to the sequence similarity with p97, 35]. Thus, it is likely that ATP binding to FtsH induces
Arg313 should form an arginine finger in Tth. FtsH. Consis- the subdomain movement, although such a movement
tent with this, in the E. coli FtsH, the substitution of alanine was not observed between the AMP-PNP-bound and
for the equivalent arginine residue abolished the ATP nucleotide-free crystal structures. Since crystals con-
hydrolysis and proteolysis activities [31]. taining the nucleotide were obtained by soaking the
P65 nucleotide-free crystals with nucleotides, it appears
The Role of the SRH Motif reasonable that the crystal packing effects prevented
Although the architecture of the AMP-PNP-bound pro- such intersubdomain movements.
tein is essentially the same as that of the free protein, In the FtsH hexameric ring model, the intersubunit
the AMP-PNP and ADP forms indicated intriguing con- contacts are stabilized by electrostatic interactions be-
formational changes in the SRH motif (Figures 2B and tween 	4 with 	7, belonging to the adjacent subunits,
3C). In the nucleotide-bound forms, the side chain of respectively, as well as by intersubunit hydrophobic in-
Asn302 interacts with the
- or-phosphate of the nucle- teractions between 	2 and 	11 (Figure 3A). The latter
otide through a water molecule. Actually, the replace- extensive contact appears to be mostly retained in the
ment of Asn302 with alanine results in the complete P65 crystal structure of FtsH (Figure 1D), implying that
loss of protease activity [32]. In the ADP form, the loop it is the major factor in subunit assembly. This hydropho-
between 4 and 	8 (residues 301–307), which partly bic contact appears to reinforce the outer region of the
constitutes the SRH motif, shifts toward the phosphates ring structure. By contrast, the inner region near the
in comparison with the AMP-PNP form. These findings pore appears to be of little effect in the stabilization of
suggest that ATP hydrolysis may cause the conforma- the complex, and hence is devoted to the ATP binding-
tional change in the N-terminal half of the SRH motif dependent, functional conformational change. The flexi-
through the contact of the Asn302 side chain with the bility of the linker between the transmembrane region

- and -phosphates. This region is mapped on the and the ATPase domain, which is also observed in the
protease domain side in our hexameric ring model (Fig- p97-ND1 structure [20], would facilitate this drastic con-
ure 3C), implying that the FtsH ATPase domain may formational change of the ATPase domain in FtsH.
interact with the protease domain through this ATP-
dependent conformational change in the SRH motif. In
Possible Model of Substrate Recognitionfact, a similar ATP-dependent conformational change
and Translocation Mechanism by FtsHwas found in the C-terminal tails of HslU ATPase, which
From a comparison with YmeI, which is a yeast homologfunctions as a molecular switch for activation of HslV
of FtsH, the putative substrate binding region of Tth.peptidase in the HslUV complex [33].
FtsH can be assigned to a segment between residues
126 and 188 (Figure 1A) [12]. Furthermore, the smallConformational Change of the FtsH
helical subdomain of FtsH is likely to play some impor-ATPase Domain
tant roles in substrate binding, because it shows signifi-A drastic change in the orientation of the small subdo-
main relative to the large one was observed (Figure 2C). cant similarity of the primary sequence and the second-
Structure of the FtsH ATPase Domain
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ary structure to the SSD domain of the Clp/Hsp100 determination of the FtsH ATPase domain at atomic
resolution, and suggested a reasonable mechanism byfamily [36]. These putative substrate binding regions are
mapped on a surface from the central pore to the outer which substrates are translocated into the protease do-
main from the ATPase domain through the central poreedge of the ring on the transmembrane side of our hex-
agonal ring model, in addition to the lateral and the outer of the hexamer, in concert with the conformational
change induced by ATP binding. The spiral arrange-region on the protease domain side (Figure 3D). Actually,
the surface of the hexameric ring displays a remarkably ments of FtsH-F1 subunits in the nucleotide-free crys-
tals imply that asymmetric nucleotide binding to sub-biased charge distribution: a region from the transmem-
brane side to the outer region of the protease domain units may take place within the functional ring structure,
as observed in T7 gene 4 helicase [28]. If this scenarioside through the lateral face of the hexagonal plate is
relatively neutral, whereas the protease domain side is is true, then the ATP hydrolytic reaction in FtsH should
proceed sequentially, but not synchronously, among thehighly acidic (Figure 3E). In particular, the area mapped
for substrate binding is neutral and hydrophobic, and ATP-, ADP-, and nucleotide-free states. A definite con-
clusion awaits the successful structure determinationthis property appears to be favorable for interactions
with unfolded substrate polypeptides. However, it was of the full-length FtsH molecule at atomic resolution.
However, our present crystallographic study on FtsHreported that the protease domain is necessary to inter-
act with denatured substrates in E. coli FtsH [34], and provides important insights into the three-dimensional
structural view of the substrate translocation mecha-thus substrate binding to the ATPase domain is likely
to occur in cooperation with the protease domain. nism, in which the internal hexameric ring structure
formed by the ATPase domain plays a major role.It is interesting to consider the function and structure
of the central pore, by analogy to the ClpAP and ClpXP
structures, where substrates are known to pass through Experimental Procedures
the pores [37, 38]. Similarly, it appears that substrates
Plasmid Constructionare threaded through the pore of HslU [39], which also
For the construction of pGEX-FtsH-F1, bearing the ATPase domainbelongs to the same Clp/Hsp100 family. The GYVG motif
of Tth. FtsH, we used two oligonucleotides as PCR primers: 5-is a strongly conserved sequence on the central pore
CCGG GGA TCC GTC CTC ACC GAG GCC CCC-3 and 5-
in this family, and structural and mutational analyses GCGCGGCCGC TCA CTT GGC CGG GCC CAT C-3, with the BamHI
revealed that Tyr 91 of this GYVG motif is a key residue and NotI sites underlined. The PCR product was inserted into the
in the unfolding-coupled translocation mechanism [39, BamHI/NotI sites of the bacterial expression vector pGEX-6P-1
(Amersham-Pharmacia). However, the DNA sequencing of the plas-40]. The conserved MFVG sequence among FtsH homo-
mid showed that a deletion of 39 bases occurred in the C terminuslogs is likely to correspond to the GYVG motif (Figure
of the insert. It is possible that the sequence 5-GAGGCCGC-31A). Notably, the aromatic side chain of Phe 229 in the
(bases 1171–1178 of the Tth. ftsH gene) was irregularly recognized
MFVG sequence lies on a loop facing the central pore by the NotI endonuclease. These results show that the product of
and protrudes toward the membrane (Figure 3D, left pGEX-FtsH-F1 consists of 254 residues, including residues 146–393
panel). Thus, the hydrophobic patch of the central pore, of Tth. FtsH fused with the linker peptides (GPLGS) in the N terminus
and an unexpectedly added serine residue in the C terminus. Thecontributed by Phe 299 in the MFVG sequence of FtsH,
molecular weight of the pGEX-FtsH-F1 product was evaluated byis likely to play crucial roles in substrate translocation.
mass spectrometry analysis to be 27314 Da, which agrees well withPresumably, in the FtsH ATPase domain, a substrate
the calculated molecular weight of 27345 Da. The pGEX-FtsH-F2
would bind to the lateral portion of the hexagonal plate, plasmid, which carries the gene encoding residues 126–393 of Tth.
and subsequently would be brought to the central pore FtsH, was constructed by exchanging the BamHI fragment of pGEX-
along the surface on the transmembrane side of the FtsH-F1 for the counterpart of pGEX-S.FtsH. The pGEX-S.FtsH plasmid
was constructed by inserting the NdeI-XhoI fragment of pAFS3 [19]plate (Figure 4). This process would accompany the ATP
into the corresponding sites of pGEX-NdeI, which was obtained bybinding-dependent conformational change, which
inserting the pNdeI linker (Takara) into the BamHI site of pGEX-6P-1.would be related only to the translocation but not the
binding of substrates, since denatured substrates bind
Protein Expression and Purificationto FtsH even in the absence of ATP [34]. On the other
Both GST-fusion proteins of FtsH-F1 and FtsH-F2 were expressedhand, degradation of physiological substrate proteins
in E. coli strain Bl21[DE3], and were purified as described below.requires ATP hydrolysis by FtsH, but it is not required
The culture was incubated at 37C in 2 L of LB medium, and was
ATP hydrolysis in the proteolysis of small peptides [32]. induced with 0.5 mM isopropyl--D-thiogalactopyranoside (IPTG).
It appears plausible to assume that the ATP hydrolysis After another 2 hr incubation, the cells were harvested by centrifuga-
tion and lysed by sonication in 50 mM Tris-HCl (pH 8.0), 1 mMin FtsH would be coupled with unfolding of a substrate
ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitolupon threading it through the central pore [41].
(DTT). The lysate was applied to a GSTrap FF column (Amersham-
Pharmacia). The protein was eluted with a buffer containing 10 mM
glutathione and 400 mM KCl. The eluate was precipitated twiceBiological Implications
with 60% ammonium sulfate, and PreScission protease (Amersham-
Pharmacia) was added to cleave the GST protein. The mixture was
FtsH is an important ATP-dependent protease with vari- dialyzed into the initial buffer and was incubated at 4C for 40 hr.
The protein solution was passed through a GSTrap FF column toous cellular functions. Although some models about how
remove the GST protein and the PreScission protease. After concen-FtsH degrades substrate proteins, such as the “pulling
tration by Centriprep3 ultrafiltration, the protein solution was loadedmodel” where FtsH dislocates the extracytoplasmic do-
onto a Superdex 200 column (Amersham-Pharmacia) equilibratedmain of a substrate [11], have been suggested, little
with buffer containing 200 mM KCl. The eluted protein solution was
information has been available about the structural as- dialyzed into the initial buffer, concentrated to a 40 mg/ml stock
pect of the proteolytic process by FtsH. In this paper, solution, and stored at 4C for several months. The stock solution
was exchanged with 10 mM Tris-HCl (pH 8.0) before further use.we have reported the first successful crystal structure
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l (HflB) is an ATP-dependent protease selectively acting on SecY
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ATPase Fo sector is a substrate of the FtsH protease in Esche-For data collection, all crystals were flash-cooled in a 100 K dry
richia coli. FEBS Lett. 399, 26–28.nitrogen stream, and mineral oil was used as the cryoprotectant.
10. Kihara, A., Akiyama, Y., and Ito, K. (1998). Different pathways forThe derivative was obtained by soaking crystals in the crystallization
protein degradation by the FtsH/HflKC membrane-embeddedbuffer containing 5 mM HgCl2 for 6 hr. A multiple anomalous disper-
protease complex: an implication from the interference by asion (MAD) data set was collected at SPring-8, beamline 40B2, at
mutant form of a new substrate protein, YccA. J. Mol. Biol. 279,Harima, Japan. These data were processed with the programs
175–188.MOSFLM [43] and SCALA [44]. Other data sets were collected using
11. Kihara, A., Akiyama, Y., and Ito, K. (1999). Dislocation of mem-a MAC science imaging plate diffractometer, DIP100, with a CuK	
brane proteins in FtsH-mediated proteolysis. EMBO J. 18, 2970–rotation anode, and were processed with the program DENZO/
2981.SCALEPACK [45].
12. Leonhard, K., Stiegler, A., Neupert, W., and Langer, T. (1999).
Chaperone-like activity of the AAA domain of the yeast Yme1Phasing, Model Building, and Refinement
AAA protease. Nature 398, 348–351.MAD was used for the experimental phase determination of the
13. Tomoyasu, T., Yamanaka, K., Murata, K., Suzaki, T., Bouloc, P.,mercury derivative of FtsH-F1. MAD phasing from two mercury sites
Kato, A., Niki, H., Hiraga, S., and Ogura, T. (1993). Topology andwas calculated using the program SOLVE [46]. The initial model was
subcellular localization of FtsH protein in Escherichia coli. J.built onto an electron density map using QUANTA98 (Molecular
Bacteriol. 175, 1352–1357.Simulations) after phase improvement by solvent flattening and his-
14. Beyer, A. (1997). Sequence analysis of the AAA protein family.togram matching implemented in the DM program [44]. The initial
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15. Neuwald, A.F., Aravind, L., Spouge, J.L., and Koonin, E.V. (1999).rebuilding. The refinement consisted of simulated annealing and
AAA: a class of chaperone-like ATPases associated with thesubsequent individual B factor refinement. After placing the water
assembly, operation, and disassembly of protein complexes.molecules, a minimization refinement was applied. The final model
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16. Ogura, T., and Wilkinson, A.J. (2001). AAA superfamily ATPases:150 water molecules. The structure determination of the FtsH-F2
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Rutman, A.J., Oppenheim, A.B., Yura, T., Yamanaka, K., Niki,their structures were refined using CNS. All crystal forms are summa-
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